This review article provides doctors and dentists with an introduction to the clinical applications and significance of magnetic resonance cisternography (MRC) for the evaluation of neurovascular compression of the trigeminal nerve in patients with trigeminal neuralgia (TN). Specifically, the method and characteristics of MRC are first explained using the relevant MR sequences. Next, clinical applications for the diagnosis of TN are discussed. Finally, the significance and utility of MRC for effective treatment of patients with TN, such as carbamazepine administration and/or local anesthetic blocks, are presented.
INTRODUCTION
Trigeminal neuralgia (TN) is an important disease characterized by severe lancinating pain in the oral and maxillofacial regions. A common cause of TN is neurovascular compression (NVC) in the root entry zone (REZ) of the trigeminal nerve in the cerebellopontine angle cistern [1] [2] [3] . For the detection of NVC in the REZ of the trigeminal nerve using magnetic resonance imaging (MRI), two methods have been reported: magnetic resonance angiography (MRA) [4] [5] [6] and magnetic resonance cisternography (MRC) [7] [8] [9] [10] [11] [12] . It has been speculated that neurovascular structures in the REZ of the trigeminal nerve are shown with better resolution by MRC than by MRA [7, [9] [10] [11] [12] . Presently, as one of the tools to visualize NVC in the REZ, three-dimensional (3D)-MRC has been clinically applied for patients with TN. MRC is easy to acquire by simply obtaining additional sequences without any invasivity to patients. It takes a few minutes for the acquisition of MRC. In our dental hospital, MRC is required for all patients with TN from suspected central nervous system causes. To our knowledge, there has been no review article on the significance and utility of MRC for patients with TN; therefore, many doctors and dentists might not be aware of this diagnostic and therapeutic modality. Additionally, the methods of MRC for patients with TN are not standardized. Therefore, the goals of this review are to introduce the clinical applications of MRC for patients with TN as used in our dental hospital, and then to discuss the methods and applications of MRC [7, 8, 13] . At the practical level, the sequences and characteristics of MRC will first be detailed, followed by the clinical applications. Next, the identification of NVC of the trigeminal nerve in the cerebellopontine angle cistern using MRC and its clinical significance will be described, drawing upon discussions from our previous reports [7, 8, 13] . At the same time, we will demonstrate how the volume of NVC, as measured by MRC, can predict the efficacy of carbamazepine (CBZ) therapy as one of the initial treatments for patients with TN. Finally, the relationship between NVC volume measured by MRC and the success of local anesthetic block by tetracaine (TNB) will be described in patients with TN for whom CBZ therapy was indicated but less likely to offer relief [14, 15] .
DESCRIPTION OF MRC: ITS METHODS AND CHARACTERISTICS USING RELEVANT MR SEQUENCES
MRC uses hydrography for visualizing nerves and blood vessels in the cerebrospinal fluid. The use of MRC allows precise visualization of the trigeminal nerve running through the REZ (Figure 1) . It follows that MRC can evaluate NVC of the trigeminal nerve in patients with TN (Figure 2) . Commonly, constructive interference with steady state (CISS), fast imaging with steady precession (FISP), and fast asymmetric spin echo (FASE) should be applied as sequences of MRC. Basically, there is no difference between the visualizations of MRC among these three sequences. It has been reported that the quality of MRC with 3D-FASE is significantly higher than that with 3D-CISS as the result of differences in flow and susceptibility to magnetic artifact [16] . A FASE sequence, as mentioned above, produces a heavy T2-weighted image that has excellent resolution because the section thickness can be decreased to as little as 0.8 mm and the voxel size can be decreased to as little as 0.6 mm 3 , with a short acquisition time using 3D-excitation [16] [17] [18] [19] [20] [21] . MR imaging with 3D-FASE has been established as a useful tool for MR cholangiopancreatography [22] [23] [24] , MRC [16] [17] [18] [19] , and MR sialography [20, 21] . There have been some reports that MRC, with 3D-FASE in particular, is useful for the detection of brain tumors and NVC in the cerebellopontine angle [16] [17] [18] [19] . Our hospital is equipped with a 1.5-T full-body MR system (EXCELART Vantage TM powered by Atlas; Toshiba, Tokyo, Japan), and only MRC using the FASE sequence can be acquired. Therefore, we introduced the clinical applications of MRC using FASE for patients with TN in our hospital.
First, we will explain the methods of MR examination for patients with TN. For patients with TN, T1-weighted, T2-weighted, and MRC images are acquired for determining whether NVC (Figure 1 ) and space-occupying lesions (SOL) can be clearly identified. In particular, T1-and T2-weighted images are obtained to rule out SOL such as brain tumors (Figure 3 ) and cerebral infarctions. The imaging parameters used in the two MR methods are shown in Table 1 . MRC via 3D-FASE is acquired using the parameters listed in Table 2 [7, 8] . Conventional sagittal, coronal, and transverse scout MR images of the head are initially obtained. The acquisition slab is oriented in the transverse direction on the sagittal and coronal scout images so that the trigeminal nerve on both sides can be included in the image. After data acquisition is completed and 50 sections are obtained, coronal and sagittal reformatted images are obtained by using a multi-planar reconstruction (MPR) algorithm. In addition, images with inversion between black and white are used from MRC with 3D-FASE to evaluate NVC (Figures 1  and 2 ) [7, 8, 13, 16, [25] [26] [27] [28] . The other two reformatted images, angled parallel and perpendicular to the trigeminal nerve at the REZ (Figures 1-3) , are also obtained by using a MPR algorithm. For the interpretation of MR images, both the original transverse images and the four reformatted images are reviewed. Next, radiologists use MRC to evaluate NVC by two methods. First, images from the MR methods are evaluated in detail for these characteristics: the presence of vascular contact with the trigeminal nerve at the REZ; identification of the site of NVC in the REZ of the trigeminal nerve; and the NVC volume. NVC is diagnosed when contact between the blood vessel and the nerve at the REZ is clearly detected in two or more sections of transverse images, the coronal and sagittal reformatted images, and the other reformatted images obtained parallel or perpendicular to the trigeminal nerve at the REZ on MRC (Figures 1-3) . The site of the blood vessel compressing the nerve is classified as medial, lateral, cranial, or caudal according to Yoshino et al. [9] . The second method of evaluating NVC is by measuring its volume, as follows [7] : the MRC images are sent to a workstation (Mac Pro; Apple Corp., Cupertino, CA, USA), and the NVC volume on the images is measured using open-source OsiriX medical imaging software (http://www.osirix-viewer.com) (Figure 4) . Each NVC site is judged to correspond to each branch on the basis of the detailed anatomy of the intracranial portion of the trigeminal nerve according to Gudmundsson et al. (Figure 5 ) [29] .
CLINICAL APPLICATIONS OF MRC FOR EVALUATION OF NVC IN PATIENTS WITH TN
Three dimensional (3D)-MRC is a useful tool for the detection of NVC in the REZ of the trigeminal nerve because of having better resolution for the detection of NVC [4] [5] [6] 9, 10] . In fact, the presence and site of NVC in the trigeminal nerve have been seen to be correctly detected by MRC with 3D-FASE in some patients who underwent microvascular decompression surgery [7] . Even the status of a trigeminal nerve surrounded with a mesh of blood vessels was precisely shown on MRC with 3D-FASE (Figure 6 ) [7] . Very recently, visualization of NVC in the REZ using 3D-MRC has been used as a method of preoperative simulation and as an intra-operative surgical guide for NVC in patients with idiopathic trigeminal neuralgia because of the improved accuracy of 3D-MRC [11, 12, 17] . In our previous study using MRC with 3D-FASE sequences, NVC was found in the symptomatic sides of 89 of the 150 patients with TN who were evaluated [7] . At the same time, a very close relationship was found between the site of NVC in the REZ as seen on 3D-MRC and the clinical neuralgic manifestations in patients with TN [7] [8] [9] [10] . Therefore, NVC should clearly be considered as one of the causes of TN, and we concluded that 3D-MRC was a useful tool for the detection of NVC in the REZ of the trigeminal nerve. However some patients with NVC of the trigeminal nerve, the NVC sites identified on MRC did not match the clinically manifested regions of the branches of the trigeminal nerve. It might be difficult for us to judge the NVC site in the REZ of the trigeminal nerve in cases changing over from medial to cranial or from lateral to caudal.
To our knowledge, it has not yet been reported how many subjects who do not have TN may have NVC. However, the ratio of NVC in the asymptomatic side could help to answer the question. In our previous report using MRC with 3D-FASE sequences, NVC was found in the asymptomatic sides of 27 (18%) patients out of the 150 study subjects with TN whom we evaluated [7] . A significant difference between the sides with or without TN on the ratio of NVC was revealed. Our study results show that radiologists should consider TN as a possible diagnosis based on the identification of NVC using MRC.
CLINICAL SIGNIFICANCE OF MRC IN PREDICTING THE CURATIVE EFFICACY OF CBZ FOR PATIENTS WITH TN
We have found that none of the following patient-related factors play any significant role in the degree of TN, including the degree of pain and the prognosis after various types of treatment: sex, patient age, history of systemic hypertension, state of neuralgia including NVC, duration of neuralgia, or history of failed trigeminal surgery [30] . Because the extent of NVC of the trigeminal nerve can be measured by MRC, the relationship between the degree of NVC of the trigeminal nerve and the extent of pain or the curative efficacy of CBZ administration as initial treatment for patients with TN can be elucidated. The method for measuring the relationship between the presence of NVC and pain has been direct observation during the operation for eliminating NVC, but the degree of pain in patients with TN having NVC could not be inferred [30, 31] . Using 3D-MRC, the degree of pain in patients with TN having NVC could not be predicted [7, 8] . In addition, our previous report also demonstrated that some patients without TN had NVC in the REZ, as seen on MRC (Figure 7 ) [7] . Therefore, it should be concluded that there is no relationship between the degree of NVC of the trigeminal nerve and the extent of pain. One possible explanation is that the pain caused by NVC may be related not only to the quantity of NVC in the trigeminal nerve, but also to other factors including a patient's age and sex. In particular, the degree of pain in TN may greatly depend on a patient's own sense of pain.
However, a significant correlation has been reported between NVC volume, as shown by MRC, and the curative efficacy of CBZ at 100 mg/day for 2 weeks as an initial treatment for patients with TN [8] . This is commonly the initial treatment for patients with TN, and is the practice in our dental hospital. If improvement is not apparent after initial treatment with CBZ at 100 mg/day, then additional CBZ doses may be administered [32, 33] . The significance of MRC for the prediction of the prognosis after initial treatment with CBZ in patients having TN with NVC should be proved. Meanwhile, physicians can confidently explain the utility of MRC to their patients based on the data of NVC volumes obtained from MRC. For the patient with TN, treatment with CBZ is considered to be the first choice in primary care [32] [33] [34] . However, the frequency of side effects from CBZ is considered to be a problem [34] [35] [36] . Therefore, a different therapeutic strategy at the early stage may be chosen for the patient in whom an adverse reaction to CBZ is anticipated.
sult with CBZ can be immediately treated with TNB [14, 15] . In our dental hospital, patients who have benefited less from CBZ have been also treated by trigeminal nerve block using 0.4 ml TNB at a 5% concentration as one of the additional therapies. However, the precise factors for predicting the success of TNB remain obscure, and TNB is currently administered at the physician's discretion. Therefore, the relationship between the volume of NVC by MRC and curative effects by TNB was investigated with respect to being predicted by the results of CBZ administration.
After administration of CBZ at 100 mg/day for 2 weeks as the initial treatment for patients with TN, further treatment with CBZ may be pursued at the physician's discretion based on the patient's symptoms. The package insert for CBZ indicates that the maximum permissible dose is 800 mg/day when used for TN, and should be followed when prescribing CBZ for these patients. Thereafter, it may be determined whether additional treatments are needed at each physician's discretion. That is why no significant correlation was found between the dosage of additional CBZ administered to relieve the pain and the NVC volume on MRC, but not initial administrations of CBZ [8] .
To our disappointment, no significant correlation was found between NVC volume on MRC and the success of TNB in patients with TN [13] . On the other hand, the success of TNB might be predicted by the extent of improvement in pain effected by CBZ [13] . It is possible that a patient's response to TNB can be confidently predicted based on the patient's response to CBZ, in addition to simply the physician's judgment based on the patient's symptoms. In addition, it has been found that if TNB were to be effective for a patient, the improvement would be seen within one or two uses. If one administration of TNB does not effectively relieve the pain, up to 5 doses of TNB can be given in total. TNB is a relative dangerous treatment, and the technique's side effects are considered problematic [37] . Therefore, for the patient in whom an adverse reaction to TNB is anticipated, another treatment at an early stage, such as radiotherapy or surgical treatment may be chosen.
CLINICAL SIGNIFICANCE OF MRC FOR THE CURATIVE EFFICACY OF TNB FOR PATIENTS WITH TN
The flow chart for the treatment of patients with TN at Kyushu Dental College Hospital is shown in Figure 8 .
Patients with TN who are less likely to have a good re- Figure 8 . Flow chart of treatment for patients with TN in Kyushu dental college hospital.
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THE FUTURES AND LIMITATIONS ON THE CLINICAL APPLICATIONS OF MRC FOR PATIENTS WITH TN
Some possible limitations of previous studies were the absence of criteria for deciding the appropriate dosage of CBZ and TNB administration to relieve the pain in patients with TN because the previous studies were retrospective [7, 8, 13] . In addition, CBZ administration was the only initial treatment and there were no criteria for deciding the appropriate TNB. At the same time, the periods for follow-up after treatment were relatively short [8, 13] . We are planning to evaluate the efficacy of treatments including initial treatments for longer periods and conduct a cohort study as future researches. 
